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This study re-visits the effects of loading rate on sand behavior in view of seismic design of pile foundation. Based on an extensive
literature review covering both element testing and model testing, the paper summarizes the current understanding of the loading rate
effects. The paper then describes the development of test apparatus used in this study and presents the data obtained from a series of
monotonically increasing triaxial compression tests on Toyoura sand, varying the strain rate in the range of 0.005%/s to 250%/s. A total
of 36 tests were conducted on dry and saturated sand, both under drained and undrained conditions with two conﬁning pressures. The
experimental results conﬁrm that the soil strength and the soil stiffness increase as the strain rate increase. This paper also concludes that
the internal friction angle and deformation modulus increase when the strain rate is high. The implications of the loading rate effect on
pile foundation design are then presented.
& 2013 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
Keywords: Loading rate; Strain rate; Triaxial test; Shear strength; Deformation modulus; Internal friction angle; Pile foundation (IGC: D6/H1)1. Introduction
The effects of loading rate or strain rate on sand
behavior have been examined by various research workers
for various speciﬁc purposes by means of either element
testing or model testing. Casagrande and Shannon (1948)
studied the effects of strain rate in connection with the
stability of slopes under the effect of bombing. The
problem of strain rate effects was tackled by Seed and
Lundgren (1954) in view of stability of an earth structure
when subjected to transient loads imposed by explosions,13 The Japanese Geotechnical Society. Production and hostin
/10.1016/j.sandf.2013.02.003
ng author.
ss: Stephen.Spatz@ars.usda.gov (K. Watanabe).
nder responsibility of The Japanese Geotechnical Society.earthquakes and trafﬁc, and in particular the stability of an
earth ﬁll dam during earthquakes. Whitman and Hearly
(1962) conducted triaxial tests with various strain rates in
connection with the problems arising from blast effects. As
far as model testing is concerned, Vesic et al. (1965)
performed a series of loading tests on shallow footings
with various loading rates in connection with the design of
missile-launching and blast-resistant structures. Huy et al.
(2005) conducted model pile loading tests with various
loading rates in a calibration chamber to interpret the
results of pile loading testing and to improve the applica-
tions of quasi-static pile loading tests. Bendetto et al.
(2002) and Tatsuoka et al. (2008) performed a series of
compression tests with various loading rates in an attempt
to establish a constitutive model of sand, taking rheologi-
cal characteristics into consideration. Consequently, the
range of strain rates as well as the conﬁning stresses
adopted in each test varies according to their speciﬁcg by Elsevier B.V. All rights reserved.
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are in a wide range of 0.00002%/s to 4000%/s. The
conﬁning pressures are 29 kPa to 34,000 kPa. The strain
rates and conﬁning pressures used by previous research
workers are summarized in Table 1.
General trends observed in compression tests varying a
wide range of strain rate may be summarized in Fig. 1.
Sand exhibits stiffer response and higher shear strength
when the sand sample is subjected to faster strain rates,Table 1
The loading rates and conﬁning pressures used by previous research
workers.
Year Authors Strain rate Conﬁning
(%/s) pressure (kPa)
1948 Casagrande and Shannon 0.0035–350 29
1954 Seed and Lundgren 0.02–750 196
1962 Whitman and Hearly 0.04–4000 98
1969 Lee et al. 0.0003–230 98, 588 and 1470
1981 Ito and Fujimoto 0.06–400 100, 200 and 300
1993 Yamamuro and Lade 0.00007–0.01 34000
2002 Benedetto et al. 0.00002–0.002 392
2008 Tatsuoka et al. 0.00008–0.08 400
Fig. 1. General trends observed in triaxial compression. (a) Axial strain
vs. time, (b) shear stress vs. axial strain and (c) shear stress vs. loading rate
in log scale.and the rate of strength increases approximately linearly
with an increase in the loading rate in the semi-logarithmic
plot. The rate reported previously which is summarized in
Table 2 is from zero to 10% over one order of magnitude
in logarithmic scale.
This study re-visits the effects of loading rate on sand
behavior in view of seismic design of pile foundation by
conducting a series of triaxial compression tests. In current
design practice, the stiffness and ultimate bearing capacity
of a pile is evaluated by the following three methods:
(i) use of stiffness and strength obtained from compression
tests on undisturbed samples, (ii) use of the results of
penetration tests on site, and (iii) use of loading test results
of a pile on site. Recommended strain rates for unconﬁned
compression test and triaxial compression test by the
Japan Geotechnical Society (JGS) (2009) standard are
1%/min and 0.01%/min to 1%/min, respectively. Loading
rates in loading tests of a pile recommended by Japan
Geotechnical Society (JGS) (2002) standard are 0.001 cm/s
for static loading tests, 50 cm/s for rapid loading tests and
200–400 cm/s for dynamic loading tests, respectively.
Practical engineers are often puzzled how to correlate the
strain rate of element tests and the loading rate of the pile
separately recommended in the JGS standards. One pos-
sible way is to assume the specimen height to be 100 mm as
is recommended in the Japan Geotechnical Society (JGS)
(2009) standard, which enables to produce Fig. 2, sum-
marizing the recommended ranges of the loading rate of
compression tests and pile loading tests.
Seismic design speciﬁcations for Highway Bridges
(Japan Road Association, 2002a, 2002b) adopts equations
derived from observed earthquake waves for evaluating the
maximum vertical velocity, which is a function of magni-
tude of earthquake, M, and epicentral distance, D. Taking
the values of the magnitude M=8 and the epicentral
distance D=50 km, for example, the maximum vertical
velocity may be calculated to be in the range of 5–15 cm/s
for the typical three types of ground proﬁle that the seismic
design speciﬁcations for Highway Bridges assume.Table 2
The rate of strength increase one order of magnitude in logarithmic scale.
Year Authors Conﬁning Rate of strength
Pressure (kPa) Increase (%)
1948 Casagrande and Shannon 29 3
1954 Seed and Lundgren 196 5–10
1962 Whitman and Hearly 98 1
1969 Lee et al. 98 5
588
1470
1981 Ito and Fujimoto 100 2–4
200
300
1993 Yamamuro and Lade 34000 2
2002 Benedetto et al. 392 0
2008 Tatsuoka et al. 400 2
Fig. 2. The ranges of the loading rates of triaxial compression tests and
pile loading tests.
Table 3
Maximum velocities observed in recent earthquakes.
Year Earthquake Observation point Maximum velocity
(cm/s)
Vertical Horizontal
1979 Hyogo-ken
Nanbu
Kobe marine observatory 51 110
1995 Hyogo-ken
Nanbu
JR Takatori 40 90
2004 Niigata Chuetsu Ojiya 31 98
Fig. 3. Rocking motion during and immediately after an earthquake.
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50 cm/s as are listed in Table 3.
Suppose that a superstructure supported on pile founda-
tion, consisting of piles of 1.0 m diameter, undergoes a
rocking motion during and immediately after an earthquake
as shown in Fig. 3, with a frequency of 0.5 Hz and a vertical
displacement of 10% pile diameter at the edge of the
foundation. Possible loading rates of pile in this situationmay be in the order of 25 cm/s. From these considerations
above, the maximum loading rate of 25 cm/s may be
required for the study of loading rate in view of seismic
design of pile foundation.
The paper describes the results of literature review and
the development of testing apparatus used in this study as
well as test procedures, and then presents the data
obtained from a series of monotonically increasing triaxial
compression tests on Toyoura sand, with a varying strain
rate in the range of 0.005%/s to 250%/s. A total of 36 tests
were conducted on dry and saturated sand, both under
drained and undrained conditions for two conﬁning
pressures of 100 kPa and 500 kPa. The conﬁning pressure
levels were selected to cover the stress range that 10–30 m
long piles might experience in the ﬁeld. The occurrence of
particle crushing was also examined. Implications of the
results are discussed in view of seismic design of pile
foundation.
2. Literature review
Since pile resistance is composed of shaft resistance and
base resistance, both components are needed to be con-
sidered, when loading rate effects on pile are studied. It is
considered that shaft resistance stems from shear resistance
along pile surfaces. Direct shear, simple shear or ring shear
between pile material and sand are more appropriate for
testing shear resistance. In contrast, for the study of base
resistance, triaxial compression test may be a more appro-
priate option.
Schimming et al. (1966) conducted experiments to study
shearing resistance of various soil types under both rapid
static and dynamic testing conditions using a direct shear
device. The loading rate used was in the range of 380–
1900 cm/s in the dynamic condition, whereas the loading
rate was between 0.04 cm/s and 0.06 cm/s in the rapid static
condition. They concluded that both dry and saturated
cohesionless materials did not exhibit an increase in maximum
shear resistance due to dynamic shear force application.
Uesugi and his coworkers conducted a series of simple
shear tests to examine the friction between sand and steel
(e.g., Uesugi and Kishida, 1986) as well as between sand
and concrete (Uesugi et al., 1990). Although they did not
consider the rate effect on the friction coefﬁcient in their
experiment program, Uesugi et al. (1989) pointed out that
particle crushing along the interface between sand and steel
explains the increase of the coefﬁcient of friction.
Hungr and Morgenstern (1984) developed a ring shear
test, capable of achieving circumferential velocities of
200 cm/s and performed tests on sands and polystyrene
beads, from which they denied the notion of change in
frictional behavior due to high rate of shearing.
Using a high speed ring shear apparatus, Fukuoka et al.
(1990) examined the inﬂuence of friction angle of granular
materials including Toyoura sand and glass beads with the
velocities of from 0.0001 cm/s to 150 cm/s, and observed
the increase in friction angle of Toyoura sand and no
K. Watanabe, O. Kusakabe / Soils and Foundations 53 (2013) 215–231218change in friction angle of the glass beads with increasing
the rate of shearing. They suggested that the increase in
friction angle of Toyoura sand is due to particle crushing.
Three dimensional DEM simulation of ring shear test
reported by Saomoto et al. (2006) shows that the increase
in strain rate results in a slight increase in friction angle in
the range of shear loading rate of 1–200 cm/s.
There are a number of studies using triaxial compression
tests. The paper by Lee et al. (1969) well summarizes the
previous studies up to the year before their publication.
The paper by Casagrande and Shannon (1948) provided
the data of strength increase obtained from vacuum
triaxial tests on a dry dense sand specimen under a vacuum
pressure of 29 kPa, showing about 10% increase over the
strain rate from 0.0035%/s to 350%/s with a considerable
scatter of maximum principal ratio at failure for higher
strain rates. Seed and Lundgren (1954) conducted drained
and undrained triaxial compression tests on saturated sand
at conﬁning pressures (196 kPa) with three strain rates;
static tests, slow transient tests and rapid transient tests, of
which the time to reach maximum load was 10–15 min
(approximately corresponds to 0.02%/s), approximately 4 s
(3.75%/s) and 0.02 s(750%/s), respectively. The undrained
test results are summarized in Fig. 4(a) and (b). Although
Seed and Lundgren did not measure the pore water pressure
in their tests, they considered the role of pore water in
saturated samples when subjected to faster strain rate.Fig. 4. Triaxial compression test results by Seed a
Fig. 5. Triaxial compression test results by LWhen the sample is sheared, the dilation occurs associated
with the generation of positive or negative pore pressure,
depending on the density of the sample. A certain period of
time is required for the pore water to ﬂow, governed by the
coefﬁcient of permeability of sand, k, relative to the strain
rate, as well as the drainage conditions of the sample. They
concluded that the strength of dense saturated sand under
transient loading conditions is greater than that for normal
rates of strain due to (1) the effects of dilatancy combined
with lack of drainage and (2) the effects of the rate of
deformation.
Pore pressure measurements were made by Whitman
and Hearly (1962) who performed undrained traixial tests
on saturated sands under a conﬁning pressure of 98 kPa
and showed the data of pore water pressure change during
compression tests. The stress–strain curves for dense
saturated sand for two different strain rates (2%/s and
450%/s) showed that in both cases the negative pore water
generates with shearing, associated with a sharp increase in
deviator stress and no signiﬁcant effect is observed with
respect to strain rate.
Lee et al. (1969) pointed out the signiﬁcance of conﬁning
pressure on the effect of strain rate by performing drained
(dry sand) and undrained tests on dense and loose sands at
three different conﬁning pressures (98 kPa, 588 kPa and
1470 kPa) with strain rates varying from 0.0003%/s to
230%/s. The drained test results are shown in Fig. 5. Theynd Lundgren (1954) modiﬁed by the authors.
ee et al. (1969) modiﬁed by the authors.
Fig. 6. Model loading test results by Vesic et al. (1965) modiﬁed by the
authors.
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20% for dense sands at high conﬁning pressures and
suggested that the change in mechanism of strength
mobilization is mainly due to the effect of strain rate on
the energy required for particle crushing. Although the
evidence of particle crushing was not provided in their
paper, particle crushing might have occurred in their tests,
considering the data of crushing strength of sand. Miura
and Yamauchi (1971) conﬁrmed signiﬁcant particle crush-
ing due to the shearing under high conﬁning pressures of
more than several MPa. Lee et al. provided a summary
table of qualitative conclusions, concerning the effect of
conﬁning pressure and strain rate on shear strength of dry
sand, in which they stated that (1) sliding friction slightly
decreases as conﬁning pressure increases, (2) dilatancy
effect is reduced as conﬁning pressure increases and
dilatancy increases as the loading rate increase at low
pressures, and (3) crushing has an insigniﬁcant effect at
low pressure and crushing contributes to an increase in
strength at high strain rates. Ito and Fujimoto (1981)
presented stress–strain relationships obtained from triaxial
compression tests on air-dry sand under three different
conﬁning pressures (0.1 MPa, 0.2 MPa and 0.3 MPa) for
various strain rates of 0.04–600%/s. They reported that the
compression strength increases by approximately 15%
between strain rate 0.05%/s and 300%/s. Their data shows
that dilatancy increases as the strain rate increases.
Yamamuro and Lade (1993) performed triaxial com-
pression tests using drained and undrained conditions and
obtained that the strain rate effect did not appear sig-
niﬁcant in the drained triaxial compression tests, but the
deviator stress, friction angle and pore pressures are
affected by the value of strain rate in the undrained tiraxial
compression tests.
Bendetto et al. (2002) reported a series of plane strain
compression tests with strain rates of 0.00002%/s to
0.002%/s. Tatsuoka et al. (2008) presented drained triaxial
compression tests varying strain rate from 0.00008%/s to
0.08%/s. The authors of the both papers concluded that
the stress–strain relationship of sand is not affected in the
range of strain rate they used. The objectives of their study
are to conﬁrm viscous properties such as Isotach, TESRA
(Temporary or Transient Effects of Strain Rate and Strain
Acceleration), P&N (Positive and Negative Viscosity) and
Combined TESRA and P&N, and to develop a non-linear
three component model consisting of elastic, plastic and
viscous component.
Model tests on footings or piles have been also used for
the study of the effects of loading rate on bearing capacity
of foundations. Vesic et al. (1965) mentioned that their
earlier model loading tests performed at Ghent with
loading rates of from 0.00005 cm/s and 0.04 cm/s indicates
a slight decrease in bearing capacity with increasing
loading rate, which is accompanied with a reduction of
the size of the failure zone, of which the trend is not
consistent with the ﬁndings of an impact-loaded footing
test. They carried out a series of vertical loading tests for acircular footing on dry or submerged sand using a wide
range of loading rates from 0.0002 cm/s to 2 cm/s. The
relative density of the model ground is from 75% to 81%.
Although the data show a considerable scatter, they
concluded that the compressibility of both dry and sub-
merged sand increases as the loading velocity increases.
This trend is not consistent with most of the triaxial
compression test results, i.e. the compressibility decreases
as loading rate increases. Fig. 6 shows their results of
ultimate bearing capacity with loading rate, which indi-
cates that the bearing capacity ﬁrst decreases as loading
rate increases up to the loading rate of 0.04 cm/s, but for
more rapid loading rate there is a steady increase of
bearing capacity, regardless of degree of saturation of the
soil. Vesic et al. provided an explanation of the observed
variation of bearing capacity as follows: In a static, stress-
controlled loading test on sand the particles need time to
adjust their position to any new load increment. If this
time is not allowed, there will be ﬁrst an apparent drop of
shear strength or bearing capacity. If the loading is too
rapid, they will not always be able to follow the paths of
least resistance. The consequence of this is a higher shear
strength and higher bearing capacity. Senanayake (1975)
conducted loading tests on shallow circular and square
footings on dry dense sand and obtained a steadily
increasing trend of bearing capacity with increasing load-
ing rate without any drop. The loading rates are in the
range of 0.00005–50 cm/s. Ranagelow et al. (1994) per-
formed model loading tests of a circular surface footing on
submerged sand at three different speeds: 0.0017 cm/s,
0.017 cm/s, and 0.17 cm/s. Although the trend of variation
of bearing capacity seem not conclusive, they stated that
their experiments qualitatively conﬁrmed the variation of
bearing capacity with loading velocity observed by
Vesic et al.
Huy et al. (2005) carried out pile loading tests in
unsaturated sand in a calibration chamber, using a CPT
cone as a model pile. Model ground was prepared by the
cycle of ﬂuidization, vibration and drainage. The loading
tests consist of four stages: constant rate test of 2 cm/s,
K. Watanabe, O. Kusakabe / Soils and Foundations 53 (2013) 215–231220constant rate test of 0.1 cm/s, dynamic test with 25 cm/s
and static constant rate test of 0.1 cm/s. The dynamic tests
showed an increase in base resistance of 4% and an
increase of local shaft resistance of 6%, compared with
those of the static test.
Centrifuge cone penetration tests in sand at ﬁve Eur-
opean centrifuge centers reported by Bolton et al. (1999)
conﬁrmed that small, and generally negligible, effects were
observed in dry sand by increasing the penetration rate
from 0.25 cm/s to 2 cm/s. Takemura and Kouda (1999)
gathered the similar centrifuge data of cone testing with
the penetration rate of 0.017 cm/s to 0.27 cm/s and stated
that no apparent difference was observed within this range.
It appears that one test produces one result and the
other leads to a contradicting conclusion, because different
authors used different materials with different ranges of
strain rate, conﬁning pressure, and relative density. It may
be, however, summarized from the literature review in the
following ﬁve points.(1) It can be regarded that stress–strain relationship is not
signiﬁcantly affected when the strain rate remains less
than an order of 0.1%/s to 10%/s. But compressive
strength appreciably increases as strain rate increases,
when the strain rate is more than on order of 10%/s to
100%/s. This is consistent with the loading test results
of model pile.(2) The rate of deformation may affect dilation character-
istics of sand. Some papers reported that dilation
increases as the strain rate increases.(3) Particle crushing is a factor for increasing compression
strength and the angle of internal friction of sand asFig. 7. Basic components of twell as the friction between sand and other materials.
Particle crushing is related to the level of conﬁning
pressure.(4) For saturated sand, the relative magnitude between the
strain rate and the rate of dissipation of excess pore
water pressure governs the behavior. If the strain rate is
much faster than the rate of dissipation, the test will
exhibit undrained behavior.3. Test apparatus, soils tested and test program
Two different loading systems were used in this study to
control the strain rate as accurately as possible; an electric
gear triaxial apparatus for slower strain rate tests and a
hydraulic triaxial apparatus for higher strain rate tests.
Fig. 7 illustrates the basic components of the test systems,
consisting of a loading frame, a triaxial cell, a motion
control unit, a signal conditioning unit, and a microcom-
puter controller, together with other instrumentations. The
strain rate of the electric gear triaxial apparatus is
controlled by changing the rotation speed of a motor
and the gear ratio, whereas the strain rate in the hydraulic
triaxial apparatus is varied by opening-closing operations
of servo valves to control the hydraulic pressure. The
entire system is closed-loop-controlled by a microcomputer
utilizing an analogue-to-digital converter and a stepping
motor controller operated by a custom made control
program. Load is measured by a load cell, displacement
by an LVDT, and cell and pore pressures by pressure
transducers mounted on the bottom of the triaxial cell.riaxial apparatus.
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sand specimen and the pore water pressure measurements
are made at the bottom of the specimen. All signals from
the instrumentation are conditioned through ampliﬁers
and active ﬁlters before entering the microcomputer.
Differential pressure transducers are commonly used for
volumetric strain measurement in drained tests with
normal strain rates. A newly made volumetric change
transducer was used in this study to improve the accuracy
of volumetric strain measurement, in particular for higher
strain rates. The volumetric change transducer measures
the weight of the pore water drained from the specimen, as
is illustrated in Fig. 8(a) and (b). Fig. 9 compares the
results of calibration tests of two systems with respect to
time history of volume change for various water head
differences of Dh¼0.7 m to 20 m, showing a clear improve-
ment of volume change measurement by using the new
system, in particular for higher strain rate. The data by the
differential pressure transducer show a disturbed noisyFig. 8. Calibration test apparatus for volumetric change. (a) Differential pre
Fig. 9. Calibration test results of volumetric change transducer. (a) Water h
(20 kPa), (c) water head difference Dh¼4.0 m (40 kPa) and (d) water head dicurve immediately after opening a faucet of drainage line.
In contrast, the data by the volumetric change transducer
give a steady and consistent trend against time, conﬁrming
that the weight method is more suitable for rapid loading
tests. Time history curves with respect to axial strain are
presented in Fig. 10. A consistent linear relationship is
obtained for the range of 0.5–250%/s.
The soil used for all tests in this study was Toyoura sand
and the material properties are shown in Table 4.
Five series of the tests were performed. Series 1 to 4 used
saturated sand specimen and Series 5 dry sand specimen.
The dimensions of specimen are 50 mm in diameter and
100 mm in height. Specimens with the targeted relative
density of 80% were prepared by air pluviation method.
The coefﬁcient of permeability of the specimen of 80%
relative density measured by constant head tests was in the
range of 1.0 102–2.0 102 (cm/s).
The specimens were saturated using the CO2 method for
the specimens of Series 1 to 4 and a back pressure ofssure meter and b) Volumetric change transducer measuring the weight.
ead difference Dh¼0.7 m (7 kPa), (b) water head difference Dh¼2.0 m
fference Dh¼6.0 m (60 k Pa).
Fig. 10. Typical time history curves of axial strain.
Table 4
Material properties of Toyoura sand.
Speciﬁc gravity of soil particle: Gs 2.645
Mean grain size: D50 (mm) 0.19
30% Diameter on the grain size diagram: D30(mm) 0.16
Effective grain size: D10 (mm) 0.14
Uniformity coefﬁcient: Uc 1.56
Coefﬁcient of curvature: Uc0 0.95
Maximum void ratio: emax 0.99
Minimum void ratio: emin 0.62
Table 5
Test program.
Test
code
Saturated
or dry
Drained
condition
Conﬁning
pressure
(kPa)
Strain
rate (%/s)
Target
relative
density
(%)
Series 1 Saturated Drained 100 80
Series 2 500 0.005, 0.05, 0.5
Series 3 Undrained 100 5,50,150,250
Series 4 500
Series 5 Dry Drained 100 0.005, 0.5,
50,150,250
Fig. 11. Deviator stress, volumetric strain and excess pore water pressure
vs. axial strain in Series 1 (saturated, sr¼100 kPa, drained test).
(a) Deviator stress vs. axial strain, (b) volumetric strain vs. axial strain
and (c) excess pore water pressure vs. axial strain.
K. Watanabe, O. Kusakabe / Soils and Foundations 53 (2013) 215–23122298 kPa was then applied. The B-value was checked for
each specimen at low conﬁning pressures before the test
commenced. A minimum value of B¼0.95 was obtained to
ensure the full saturation of the specimen. Lubricated ends
were used to obtain uniform strains in the specimen.
The test program is shown in Table 5. All the tests were
conducted to drained and undrained conditions under the
conﬁning pressures of 100 kPa and 500 kPa. ‘Drained’
means here that the valve of drainage line is kept open
during the test, which does not ensure that there is no
excess pore water pressure within the entire specimen. It
may be appropriate therefore to call ‘partially drained’.4. Results and discussion
4.1. Relationships between deviator stress, volumetric strain
and excess pore water pressure vs. axial strain
Fig. 11(a), (b) and (c) shows the results of Series 1 of
partially drained test on saturated sand; deviator stress,
volume strain and excess pore water pressure vs. axial
strain, respectively. Fig. 11(a) in general reconﬁrms the
Photo 2. View of specimen at failure (Series 1, 150%/s).
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shear strength when the sand sample is subjected to faster
strain rate, and the peak strength deﬁned at the maximum
deviator stress increases when the strain rate increases.
Deviator stress vs. axial strain relationships in Fig. 11(a)
can be classiﬁed into two groups: one is the curves of 50%/
s to 250%/s, the other is 0.005%/s to 0.5%/s. The curve of
5%/s lies in between the two groups. Relationship between
volumetric strain vs. axial strain in Fig. 11(b) suggests that
the ﬁrst group can be considered as ‘undrained’ test, since
there is no, or negligible volumetric strain throughout the
test. The second group can be regarded as fully drained
test, since there is no, or negligible excess pore water
pressure generation during the test as is seen in Fig. 11(c).
The effect of the strain rate on deformation of the speci-
men is seen in the volumetric strain vs. axial strain curve. It
is seen from Fig. 11(b) that the slower the strain rate, the
larger the volumetric strain. This is contradictive to the
data provided by previous observations by Lee et al. (1969)
and Ito and Fujimoto (1981). Two photographs of Photos 1
and 2 taken after compression tests with two different strain
rates suggest that the mode of failure is of bulging with the
clear formation of inclined shear bands for the specimens
under subjected to a slower strain rate of 0.005%/s, whereas
the a different mode of failure is not of clear bulging was
noted for the specimens subject to under a faster strain rate
of 150%/s. It is noticed as can be seen in Photo 2, that there
are a series of horizontal lines appeared in the rubber
membrane. It is considered these may have appeared because
the at sand particles are did not given have sufﬁcient time toPhoto 1. View of specimen at failure (Series 1, 0.005%/s).rearrange themselves to mobilize the least resistance for the
faster strain rate.
The stress paths for the q–p0 space and the plot of void
ratio against log p0 given in Fig. 12 reinforce the statements
above. These closely resemble those given by Asaoka et al.
(1997), who examined the behavior of over-consolidated
clay under partially drained conditions.
Fig. 13(a), and (b) presents the data of undrained tests
on saturated sand in Series 3 in terms of deviator stress vs.
axial strain and excess pore water pressure vs. axial strain.
It is conﬁrmed in Fig. 13(a) that the compressive strength
under undrained test is the same order of magnitude as
those in the partially drained tests with faster strain rates
classiﬁed in the ﬁrst group. It is also seen from Fig. 13(b)
that smaller excess pore water pressure is generated
when the strain rate becomes large. This observation is
consistent with Fig. 11(b). Fig. 14 presents the stress paths
on q–p0 space and the plot of void ratio against log p0.
Fig. 15(a), (b) and (c) plots the data of drained tests on
dry specimen with respect to deviator stress, volume strain
and excess pore air pressure vs. axial strain. It is noticed
that the stress–axial strain curve and the volumetric strain–
axial strain are almost identical to those of partially
drained tests on saturated specimens with the strain rate
is less than 0.5%/s. The volume change for tests with faster
Fig. 12. (a) p0–q and (b) e-log p0 relationships in Series 1.
Fig. 13. (a) Deviator stress and (b) excess pore water pressure vs. axial
strain in Series 3 (saturated, sr¼100 kPa, undrained test).
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50%/s. This is further evidence of the effect of the strain
rate on the deformation characteristics of sand. It is
interesting to note that excess pore air pressure is gener-
ated when the specimen is sheared. The faster the strain
rate, the larger the amount of excess air pressure. When the
dry specimen is sheared, the soil particles try to dilate,
which is associated with the generation of negative pore air
pressure in the specimen, but there is not sufﬁcient time for
the particles to dilate due to rapid shearing. Consequently,
the volume of the specimen remains constant with the
generation of negative pore air pressure, resulting in an
increase in compressive strength. Fig. 16 presents the stress
paths on the q–p0 space and the plot of the void ratio
against log p0.
Two conﬁning pressures of 100 kPa and 500 kPa were
used in this study. Fig. 17 shows the change in the grain
size distribution curves before and after the compression
tests in Series 2 and Series 4. No signiﬁcant difference wasnoted between the two, indicating no measurable particle
crushing in this range of conﬁning pressure. It should be
noted, however, that in practical situations of piling in the
ﬁeld, it is possible that the ﬁne content would be changed
by particle crushing. It may be necessary to evaluate the
inﬂuence of ﬁne content in practical applications.
Goto et al. (1985, 1986) conducted triaxial compression
tests, with specimens of varying dimensions to examine the
scale effect of the specimen on deformation and strength
characteristics. A relationship between the height of the
specimen H and the mean grain size D50 was noted, Imai
et al. (1991) reported the relationship between the diameter
of the specimen and the maximum grain size, concluding
that the angle of shearing resistance is not affected when
the ratio of the diameter of specimen and the maximum
grain size is more than 5. The effect of specimen size in this
test is considered negligible because the ratio of the
diameter of specimen and the maximum grain size is 117.6.
To date, the effects of specimen size on the loading rate
has not been directly investigated to our knowledge.
Fig. 18 plots the increments of failure strength obtained
from the previous research, together with the present
study, conﬁrming the increments of failure strength fall
in a relatively narrow range, regardless of the specimen
Fig. 14. (a) p0–q and (b) e-log p0 relationships in Series 3.
Fig. 15. (a) Deviator stress, (b) volumetric strain and (c) excess pore water
pressure vs. axial strain in Series 5 (unsaturated, sr¼100 kPa, drained test).
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strength at the highest loading rate divided by that at the
slowest loading rate.
4.2. Change in compressive strength and angle of friction
The peak strength deﬁned by the maximum deviator
stress is plotted against the strain rate on a logarithmic
scale in Fig. 19(a) for Series 1, 3 and 5 with a conﬁning
pressure of 100 kPa and for Series 2 and 4 with a conﬁning
pressure of 500 kPa in Fig. 19(b). The rates of increase
over the range of 0.05%/s to 250%/s in terms of one-
logarithmic cycle are 5% for Series 5 and 10% for Series 3,
respectively. These results are of a similar order of
magnitude to the previous data. Series 1 of saturated sand
under the partially drained condition show a sudden
increase in the peak strength from 0.5%/s, and the peak
strength approaches that under the undrained condition at
a strain rate of 150%/s. This observation is also true forthe data of Series 2. This sudden change in peak compres-
sive strength may be mainly due to the relative magnitude
between the strain rate and the rate of dissipation, and
partly due to the change in the mode of deformation.
It is said that there may be three aspects that affect the
loading rate effect of granular material; (1) consolidation
(dissipation of water pressure), (2) the dynamic effect
(inertia effect), and (3) the viscous effect (rheological
Fig. 16. (a) p0–q and (b) e-log p0 relationships in Series 5.
Fig. 17. Grain size distribution curves before and after testing. (a) Series 2
(Saturated, sr¼500 kPa, Drained test) and (b) series 4 (Saturated,
sr¼500 kPa, Undrained test).
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of triaxial tests conducted in this study is considered
negligible because no acceleration was noted during the
tests, as can be seen in Fig. 10. It may be concluded that
the effects of the loading rate are due to a combined effect
of consolidation and the viscous effect when the loading
rate is high in drained conditions, whereas the loading rate
effect is considered to be due to viscous effect when the
shearing is carried out in undrained conditions. This
behavior is summarized in Fig. 20(a) and (b) which show
the relationships between deviator stress and axial strain.
In the drained test, the excess pore water pressure vs. axial
strain relations are also plotted in Fig. 20(a). As is shown
in Fig. 20(a), the excess pore water pressure is generated
when the loading rate is high, and the consolidation effect
in the drained condition is related to the increment of
strength as the loading rate increases. Thus, the sudden
changes on failure strength observed in drained conditionsappear because of the combined effect. Although this
limited series of tests cannot reach general conclusions
on the inﬂuence of each of the above three aspects, the
overall inﬂuence of strain rate on strength and deforma-
tion may be discussed as follows.
Both the internal friction angle at the maximum stress
ratio as well as that at the residual state were calculated
and are plotted in Fig. 21(a) and (b), respectively.
The residual stress state is deﬁned as axial strain levels of
18–20%. The internal friction angle at the maximum stress
ratio increases as the strain rate increases with 5% increase
over one order of magnitude in logarithmic scale, whereas
the internal friction at the residual state also increases as
the strain rate increases with a 1% increase over one order
of magnitude in the logarithmic scale.
Plotted in Fig. 22 is the internal friction angle at the
maximum stress ratio normalized by that at the slowest
strain rate of 0.005%/s against the strain rate for various
conditions. The ﬁgure implies that the mobilized internal
friction angle under 250%/s is as much as 1.25 times larger
than that obtained from triaxial tests with the recom-
mended strain rate.
Fig. 18. Relationships between increment of failure strength and diameter
of specimen.
Fig. 19. Relationships between maximum deviator stress and strain rate.
(a) Series 1, Series 3 and Series 5 (sr¼100 kPa) and (b) series 2 and Series
4 (sr¼500 kPa).
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In Fig. 23, the axial strains at the peak strength against
the strain rate are shown. The axial strain was normalized
by that at the strain rate of 0.005%/s. Generally, the axial
strain at the peak strength increases with increasing strain
rate. This is particularly true for the case of saturated
specimen under partially drained conditions. This observa-
tion shows that the required strain for fully mobilization of
strength increases with increases in the strain rate.
Fig. 24 is the similar plot in terms of deformation
modulus E50 against strain rate. The deformation modulus
E50 is normalized by the deformation modulus E50 at the
strain rate of 0.005%/s. As was illustrated in Fig. 1, the
deformation modulus E50 becomes larger when the strain
rate is higher, except for Series 5 of dry sand under partial
drained conditions.
Fig. 25 plots the change in maximum volumetric strain
ev max normalized by the corresponding axial strain ea with
the strain rate for Series 1. The values of the vertical axis
indicate 1–2n, where n is an apparent passion ratio. This
ﬁgure clearly shows that the dilatancy characteristics
change with the strain rate, leading the change in failure
mode, as was seen earlier in Photos 1 and 2.
4.4. Implications for design for pile foundation
In an attempt to quantitatively evaluate the effect of the
strain rate in the triaxial compression tests on the corre-
sponding effects of pile behavior, numerical exercises were
made. The implications of the strain rate effect on design
for pile foundation may be considered from two aspects:
one is for the bearing capacity of the pile, and the other for
the settlement of the pile. The increase in the internal
friction angle will directly lead to an increase in the value
of the bearing capacity factors for Nq, Ng used for the end
bearing, as well as the shaft resistance.
The strain rate at the pile tip is calculated by the
following process. The inﬂuence zones at the pile tip, as
shown in Fig. 26, are assumed based on the experimental
observations reported by Takano and Kishida (1979), and
the displacement at the pile tip corresponds with the
ultimate bearing capacity and/or the second-limit-resis-
tance, deﬁned as 0.1D by Japan Geotechnical Society
(JGS) (2002) standard. The time required for the displace-
ment of 0.1D is estimated from the observed maximum
vertical velocity during earthquakes with an acceleration of
50 cm/s, as described previously. From these facts, the
maximum strain rate at the pile tip may be calculated as
50%/sec when the pile diameter is 1m. The following
working examples illustrate the implications of the effect of
the strain rate on the design of pile, based on traditional
routine design procedures.
Example-1 evaluate the vertical ultimate bearing capa-
city of a pile of 1 m diameter and 30 m length embedded
into either dense dry sand layer with the dry unit weight of
15 kN/m3, or dense saturated sand layer with the saturated
Fig. 20. Loading rate effects in both (a) drained and (b) undrained tests.
Fig. 22. Relationships between normalized internal friction angle at peak
stress ratio and strain rate.
Fig. 21. Relationships between fpeak and fr and strain rate. (a) Internal
friction angle at peak fpeak and (b) internal friction angle at residual state fr.
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using the strain rate of 0.005%/s show an internal friction
angle of 351. The increasing ratio of internal friction angle
obtained from Series 1, 3 and 5 is used. The bearing
capacity is calculated by conventional theory.
Q¼QsþQb ð1Þ
where Qs denotes shaft resistance and Qb toe resistance.
Qb ¼AbðcNcScþgDNqSqþgBNgSgÞ ð2Þ
Qs ¼AsðK0gztan fÞ ð3Þ
Fig. 23. Relationships between normalized failure strain and strain rate.
Fig. 24. Relationships between normalized deformation modulus and
strain rate.
Fig. 25. Relationship between ev max/ea and strain rate.
Fig. 26. Inﬂuence zones at pile tip.
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Nc ¼ ðNq1Þ;Nq ¼ expðptanfÞtan2ð451þf=2Þ;
Ng  2ðNqþ1Þtanf
Sc, Sq, Sg: Shape factor, c: Cohesion, g: Unit weight of soil,
D: Embedded length, B: Pile diameter, Ab: Area of pile tip,
As: Area of pile shaft, K0: Coefﬁcient of earth pressure at
rest, K0 ¼ 1sin f, and z is the depth measured from the
ground surface.Fig. 27(a) illustrates the changes in the values of shaft
resistance, end bearing and total bearing capacity the pile
with different strain rates, showing the effect of the strain
rate is more marked on the end bearing, and strain rates of
more than 10%/s have an appreciable effect on the bearing
capacity of a pile. Fig. 27(b) compares the three cases: Case A
(dry sand layer). Case B (saturated and undrained condition)
and Case C (saturated and drained condition), which
indicates that case C, which is closer to the real situation, is
more affected by the strain rate. Watanabe and Kusakabe
(2011) carried out model loading tests at a centrifuge
acceleration ﬁeld, varying loading rate controlled at pile
head. The results of the centrifuge tests were converted in a
prototype scale, using the established scaling laws plotted in
Fig. 27(b) following the method for calculating the strain rate
previously mentioned. It may be concluded that the general
trends of calculated bearing capacity agrees well with the
results of model loading tests at the centrifuge acceleration
ﬁeld.
Example-2 evaluate the settlement of the pile, dv, under
one third of the vertical loads calculated in Example 1.
Triaxial compression test results using the loading rate of
0.005%/s show a deformation modulus of 20 MN/m2.
dv ¼V=Kv ð4Þ
where
Kv ¼ a
ApEp
L
; a¼ ltanh lþk
ktanh lþl l ð5Þ
k¼ AikvL
ApEp
; l¼ L
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
CsU
ApEp
s
; kv ¼
1
0:3
aE0
V: Vertical load, Kv: Axial spring constant of a pile,
Ap: Net sectional area of the pile, Ep: Young’s modulus of
the pile body, L: Pile length, Ai: Enclosed area at a pile tip.
U: Pile circumferential length, Cs: modulus of sliding
between the pile and its surrounding soil layers, kv:
Coefﬁcient of vertical subgrade reaction equivalent to a
Fig. 27. Ultimate bearing capacities for three cases. (a) Normalized
bearing capacity (Case A) Q, Qb, Qs/Q0.0005, Qb 0.0005, Qs 0.0005 and
(b) normalized bearing capacity Q /Q0.0005.
Fig. 28. Settlement of pile head for three cases.
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diameter, a: A coefﬁcient to be used for estimating a
coefﬁcient of subgrade reaction, and E0: Modulus of
deformation of a soil layer.
Fig. 28 compares the settlement of the three cases: Case
A, Case B and Case C. The settlement of the pile indicates
that Case C, which is closer to the real situation, is more
affected by the strain rate.5. Conclusions
The purposes of this study were to experimentally
examine the effect of strain rate on sand behavior by
conducting a series of triaxial compression tests using
Toyoura sand with a varying strain rate of 0.005%/s to
250%/s and to discuss the implications of the observed
effects on the design of pile foundations during earth-
quakes. The following ﬁndings were obtained:(1) The deviator stress vs. axial strain relationships in
partially drained tests were clearly classiﬁed into two
groups. The soil exhibits undrained behavior when the
strain rate is faster than 50%/s, while the soil shows noappreciable difference in behavior when the strain rate
is slower than 0.5%/s.(2) The generation of excess negative pore air pressure was
observed for dry dense sand under the drained condi-
tion when the strain rate is faster than 50%/s.(3) The internal friction angle and the deformation mod-
ulus increase with the increase in strain rate. The
internal friction angle and the deformation modulus
with a strain rate of 250%/s may become, respectively,
10–50%, 30–150% larger than those obtained com-
pression tests with the recommended strain rates for
triaxial tests.(4) Particle crushing was not observed in the tests with a
conﬁning pressure of 500 kPa.
Simple design examples for earthquake situations
demonstrate that when the strain rate is taken into
account, the ultimate bearing capacity of the pile is
considerably larger and the additional settlement of the
pile is smaller, compared to the current design proce-
dures. Moreover, the general trend of calculated bear-
ing capacity agrees well with the results of the model
loading tests at the centrifuge acceleration ﬁeld
reported by Watanabe and Kusakabe (2011).References
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